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Abstxact ~ Two experiments were carried  out  during 
the 1997  winter  season across the  Straits of Mackinac 
and Lake  Superior.  C-ha.nd  radar  backscatter  signa- 
tures of various ice types  and  open wa.ter were measured 
from U.S. Coast, Guard Ice Breaker vcssels t,ogether wit,h 
ground  t,ruth  dat,a.  Polarimet,ric  backscat,ter  data werc 
obtained at, incident  angles  up to 60" for all  polarizations. 
Backscatter  signatlures of 20 ice types/conditions were col- 
lected  along the Coast  Guard  ship  tracks  in  February 
and March 1997. The backsca.tter  data  set  with  in-situ 
ice charactcrist,ic  parameter  measurements  arc  to he used 
in t,lw development of the ice mapping  algorithms ?using 
satellite  SAR d a h  over the  Great,  Lakes.  The  results at 
C-ba.nd  frequency  for  multiple  incident  angles  and  multi- 
ple polarizations are applicable to  the current  ERS  and 
R.ADARSAT Synthetic  Aperture  R,adars  (SAR)  and the 
Eutrlre ENVISAT SAR,. 

1NTR.ODUCTION 
Ice cover in the  Great Lakes, the  most  obvious  seasonal 
transforrmtion  in the physical  characteristics of the  lakes, 
has a major  impact on the  regional  climate,  local corn- 
mace ,  and public  safety [I]. Exknding the winter  navi- 
gation  season  ca,n  save  millions of dollars  in  coal  and ore 
shipping [2j. To the hydropower  industry, ice is poten- 
tially harrrlful to the installat,ions  on the Niagara  River 
[l]. The number o f  days t,llat ice cover  exceeded 40% is 
an import,ant,  input,  parameter to a whitefish  recruitment 
forecast, modcl in Lakt1 Michigan [ 3 ] .  Ice cover duration is 
predict,r:d by several  General  Circulat,ion  Models t,o rcduccl 
significant>lv  under the COZ doubling  scenario.  Winter 
ccology may be strongly  affected  by t,he ice cover reduc- 
tion [4]. Ice jams not  only  impede  navigation  but  also 
CRUSC dangerous  flooding [5]. 

Marly practical  applications  such as winter navigat,ion, 
shorc st,ructure prote:ct,ion, and ice control requirc high 
resolution icc mapping. Thest: problems  necessitate the 
rcmote sensing of t,he Great,  Lakes ice cover with  space- 
borne SAR for  high  resolutions,  large  coverages,  and 
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day-and-night  operations 161. Many  present and fut,ure 
SA4Rs  such as ERS,  RADARSAT,  and  EKVISAT  oper- 
a.re at, C band with  different  polarizations and incident 
angles.  To  interpret,  the  satellite  SAR  data, a comprc- 
htnsivc  data  set of C-band  backscat,ter  signatures of dif- 
ferent, ice  types/conditions over the Great,  Lakes need t,o 
be measured  together  with  in-situ ice characteriaat,ions. 
For t,his  purpose,  the  Jet  Propulsion  Laborat>ory  (JPL) 
and  the  National  Oceanic  and  Atmospheric  Administra- 
tion (NOAA) Great Lakes  Environment  Research  Labo- 
ratory (GLI3R.L) carried  out  t3he  1997  Great  Lakes T T h -  
t,er Experiments  with the participation of the ITS. Coast 
Guard. 

THE 1997 GREAT  LAKES  WINTER  EXPERIMENTS 

We conducted  two  experiments  during the 1997  winter 
season  across  the  Straits of Mackimc  and Lake Superior. 
The  experimental  campaign  was  coordinat>ed  into  two  ex- 
peditions  on  two  different  USCG Ice Breaker vessels, the 
Biscayne Bay in  February  and  the  Mackinmr ( a n  Arctic- 
class ice breaker) in March. 

In these  experiments, the Jet  Propulsiorl  Laboratory 
(JPL)  polarimetric  scatterornet,er was mounted 011 1)oartl 
t,hc Biscayne  Bay and t,he  Mackinaw to measure t,hr 
backscatter.  The  scat,t,erometer was  operatctd at C-tjarltl 
wit,h t,he full polarization  capability  and incident, anglcs 
from 0" to  60". Thus,  the  results are applicable not only 
t,o RADARSAT SAR, with t,he horizontal  polarization,  but 
also  with ERS SAR. wit,h the vertical  polarization  a,nd t,lw 
future  ENVISAT  SAR  with  dual  polarizations. 

A Global  Positioning  System (GPS) receiver  unit '~l;as 
used to record  the  locations  along t,hc ship routes when 
t,he scatterometer  data were taken. The GPS  data werc 
downloaded to the  computer  that  controlled t,lw radar  in 
near-real  time.  The data were plott,ed  out  on a map of 
t,hc Great Lakes to show the locations of the ice types 
where  rada.r data were obtained.  The  computor  internal 
clock was synchronized  with  the  GPS  time a.nd both radar 
daca and GPS data were time t,aggetf so t8hat they can be 
correlated. An anemometer was  used near tjhc radar to 
measure  in-situ  wind.  The  ship  instruments  also provitlcd 
location.  wind data,  and  temperature data. 

During  the  experiments,  accurat,c  calibration  measurt~- 
rnents were conducted to calibratc the scat,t,eromet,cr data. 
A t,rihedral  corner  reflector of known radar cross scc- 
tion was  used for this  purpose.  The corner reflector was 
aligned  with the rada.r pointing  direction wit,h a, laser 
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pointer.  Another  calibration  target, a metallic  sphere, 
wa,s used to  obtain  additional  data  to  validate  the  radar 
calibration.  During  the  experiment  on  board  the  Biscayne 
Bay, the  calibration  measurements were taken while the 
ship  docked  near  De  Tour Village in Michigan.  In  the 
Mackinaw  experiment,,  the  calibration  targets were setup 
on  an  open  area  at,  t,he  back of the  ship  and microwave 
absorbers were  used to avoid  unwanted  signals  from  re- 
flections and  rnult,ipath  cffccts. 

Ice truth d a h  for  different ice types were obt,ained. 
Ice t,hickness and snow  thiclmcss  were  measured.  Pho- 
tographs  showing t,he layering  structure of snow ice and 
lake ice with different, amount, of air  inclusions were taken. 
Wind  speed  and  temperature were recorded. We also 
took a number of snow  t,hickness  measurements over an 
area  at a location  during  the  Biscayne  Bay  experiment 
t,o det,ermine the ra.nge of snow  thickness  distribution.  A 
number of photographs werc taken  to  estimat,e thc sur- 
face  roughness  condition  and  snow  coverage. For  each set 
of radar  measurements of an ice type,  photographs were 
taken  both  in  t,he  near ra.nge coincident to  the  area of the 
radar  footprint,  and in t,hc  far  range for an overall  picture 
of the ice type, 

BACKSCATTER.  MEASUREMENT R.ESULTS 

We collected  approximately 2000 radar  data files for  var- 
ious ice types. For  each ice type, we obtained  radar  dat,a 
from 0” to 60” incident,  angles.  For  each  incident a.ngles, 
t,he measurements covered  several  different samples  in  az- 
imuth  directions  scanned  over  the  targeted  area. For each 
ant,enna look direction,  data wcrc coherently  averaged by 
20 t,irnes ovcr  401 samples  in the frequency  domain  with 
1 GHz bandwidth.  The  data  included  both  magnitudes 
and pha.ses of the  scattering  matrix for all  combinations in 
the  linear  polarization  basis.  The  data  arc  processed  and 
calibrated  into  polarimetric  backscattering coefficients 

We acquired  backscatter  signatures of various ice types 
with  different  physical  condition,  feature  scale,  thickness, 
snow  cover, and  concentration.  Some of the ice types  are 
pancake ice with  complicated  structures, finely crushed 
ice refrozen into a matrix of lake ice with a very thin 
snow  cover, and  plate ice with  angular  polygon  shape  with 
a larger  scale  compared to  the  rounded  pancake ice. A 
typical ice. type over t,he Great Lakes is snow ice (whit,e 
ice)  over  lake ice (black ice) with  various  thickness. Wc 
ctncountered a nunher of rubble icc fields produced by 
strong wind and W~LW actions which  broke and pushed the 
ice together.  Broken  layers of ice,  whose total  thickness 
reached  several metms, were seen in t,his highly  deformed 
ice t,ypc. New black ice of a few inch  thick  was  transparent 
(almost,  no  bubble)  with  very  smooth  upper  and lower 
surfaces. Snow  cover from a dusting  condition to  a thick 
layer  was  obscrved. 

An example  for  polarimetric  backscatter  signatures of 
pancake ice is present,ed in Fig. 1. This ice type  consists of 
of broken pieces of ice with  rounded  shape  and a. raised  rim 
around t,lw edge  caused by  wind and wave actions.  Fig. 1 
shows  tJhatj  backscatter tali decreases  quickly  with  incident 
angle, t,he copolarized  ratio y = uvz;/Crhil is negative  or 

close to  zero,  the  crosspolarized  ratio e = ulLv/giLjL is sIrlall 
at  large  incident  angles,  and  the  correlation coefficient 
p between  t,he  horizontal  and  vertical is small  at  large 
incident  angles. 

Measured  backsmtter  data of typical snow  covered  lakc 
ice indicate  that  the  horizontal  backscatter is larger t , h a n  
the  vertical  backscatter  especially a t  larger  incident, an- 
gles. This  backscatter  property of lake ice is different  from 
t,hat of most, sea ice types  whose  vertical  return is ~ts~tally 
larger  than  the  horizontal  one.  Radar  data of thc t,gpica,l 
lake ice type  taken  in  March  along  the  ship  track show 
that  C-band waves can  propaga.te  more  than 1 I n  in t h e  
ice.  For  deformed ice in a rubble  field,  the  backscatt,er is 
very strong  across  the  range of incident  angles. Black ice 
with a thin snow  cover has low backscatter  with  a  st>rong 
decreasing  gradient  in  incident  angle. The polarirnetjric 
scatterometer  data  set is useful  for the dcveloprnent of 
the  Great Lakes ice mapping  algorithm.  Furtherrnnrr, 
this  data  set  can  be used to  determine which ice tjype  can 
be observed  for a given  set of operating  parameters of a .  
satellite  SAR,  such  as the system  noise floor, polariza- 
tions,  and  incident  a,ngles. 
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Figure 1. Polarimetric backscatter of pancake  ice: (a) backscattering coefficients, (b) polarization  ratios y = r 7 , ? , / r h f L  anti 
P = c h v / c h h ,  (c)  magnitude of the complex  correlation  coefficient p between  horizontal and vertical returns, and (d) phase of' p .  


